The i n i t i a t i o n of s t r e s s -c o r r o s i o n cracking i n A1-Li-Cu-Mg a l l o y s i s s u b t l y a f f e c t e d by the chemistry of the environment. Aerated 3.5% NaCl s o l u t i o n i s unable t o i n i t i a t e cracks under t o t a l immersion c o n d i t i o n s , but removal from t h e s o l u t i o n a f t e r a couple of days can lead t o a r a p i d f a i l u r e . This "pre-exposure" e f f e c t i s c o n s i s t e n t with absorption of CO i n t o a l k a l i n e i n t e r g r a n u l a r
INTRODUCTION
The SCC behaviour of wrought Al-ti-Cu-Mg a l l o y s d i f f e r s from t h a t of conventional high-strength aluminium a l l o y s (1) . The d i f f e r e n c e s a r e not p a r t i c u l a r l y n o t i c e a b l e when long c r a c k s a r e p r e s e n t , but a r e very marked during t h e i n i t i a t i o n s t a g e of SCC. I n p a r t i c u l a r , smooth peak-aged specimens of a l l~y 8090 a r e immune t o SCC i n
3.5% NaCl s o l u t i o n under t o t a l immersion c o n d i t i o n s , b u t can f a i l r & p i d l y under
s h o r t -t r a n s v e r s e loading i f removed from the s o l u t i o n a f t e r a few days and -posed t o l a b o r a t o r y a i r . This pre-exposure e f f e c t could involve both i n t e r n a l hydrogen (absorbed during immersion) and hygroscopic s a l t s on the s u r f a c e and/or within g r a i n boundary corrosion f i s s u r e s (2) .
A unique f e a t u r e of A1-Li a l l o y s i s t h e i r a b i l i t y t o generate a l k a l i n e s o l u t i o n s w i t h i n cracks, c r e v i c e s o r i n t e r g r a n u a l f i s s u r e s (1) . I f A1-Li-Cu-Mg shavings a r e exposed t o a minimal volume of de-aerated NaCl s o l u t i o n , the pH r i s e s t o about 11.3 accompanied by vigorous hydrogen e v o l u t i o n and a c t i v e c o r r o s i o n (1). This r e s u l t , shown i n Figure 1 , s u g g e s t s t h a t a l k a l i n e c o n d i t i o n s a r e t o be expected w i t h i n c a v i t i e s t h a t do not have a s u f f i c i e n t l y l a r g e remote cathode t o support l o c a l a c i d i f i c a t i o n by aluminium d i s s o l u t i o n . The pre-exposure' phenomenon is l i k e l y t o come i n t o t h i s category, u n l e s s aqueous s o l u t i o n w i t h i n the g r a i n boundary f i s s u r e s have e l e c t r o l y t i c c o n t a c t w i t h t h e s u r f a c e of t h e m a t e r i a l . F i g u r e 1 V a r i a t i o n of pH with time f o r a l l o y 8090 shavings i n 3.5% NaCl s o l u t i o n without a i r c o n t a c t (1).
A second unique f e a t u r e a r i s e s from t h e thermodynamics of t h e A1-Li-H20 system.
J i n g Gui and Devine (3) showed t h a t anodic p a s s i v a t i o n was p o s s i b l e i n Li2C03 s o l u t i o n b u t not i n Na2C03 o r K2C03, and t h a t t h i s was a s s o c i a t e d with enrichment of Li i n the s u r f a c e oxide film. I n s p e c t i o n of s o l u b i l i t y d a t a (4) suggests t h a t t h i s observation can be i n t e r p r e t e d i n terms of t h e low s o l u b i l i t y of l i t h i u m meta-aluminate (LiA10 *).
I n t h e present work, t h e pre-exposure e f f e c t discovered by Holroyd e t a 1 (1) has been explored f u r t h e r , e s p e c i a l l y with regard t o the e f f e c t of atmospheric Cop. Simple-immersion SCC t e s t s have been c a r r i e d out i n chloride/carbonate/bicarbonate s o l u t i o n s of various i o n i c s t r e n g t h s , including simulations of n a t u r a l f r e s h waters F i n a l l y t h e e f f e c t of s u l p h a t e has been explored, s i n c e t h i s is another ubiquitous i 6 n i n r e a l environments. I n each case, t h e behaviour of a l l o y shavings and ' a r t i f i c i a l c r e v i c e s has been studied t o i n t e r p r e t the SCC behavirous i n terms of crack chemistry, e s p e c i a l l y pH.
EXPERIMENTAL PROCEDURE M a t e r i a l
An experimental h e a t of a l l o y 8090 was used, with the following composition i n wt.%: L i 2.5, Cu 1.3, Mg 0.7, Z r 0.12, balance Al. It was supplied a s solution-annealed ( u n r e c r y s t a l l i z e d ) one-inch p l a t e , and was peak-aged a t 190°C f o r 16 hours. The y i e l d s t r e n g t h i n MPa was 450(L), 425(LT) and 350(ST).
SCC T e s t i n g
Miniature specimens, measuring 25 x 4 x lmm, were c u t from t h e h e a t -t r e a t e d p l a t e s o t h a t bending would apply a ST t e n s i l e s t r e s s and permit c r a c k growth i n the LT d i r e c t i o n . They were abraded t o a 600-grit f i n i s h and t e s t e d i n perspex r i n g s , using a nylon b o l t t o apply a bending s t r e s s j u s t above y i e l d . The b o l t and r i n g gave some degree of spring-loading, so t h a t any s u s t a i n e d c r a c k growth i n v a r i a b l y led t o f a s t f r a c t u r e . Times t o f a i l u r e were recorded and p l o t t e d a g a i n s t a p p r o p r i a t e environmental parameters.
A l l t h e t e s t media were n a t u r a l l y a e r a t e d s o l u t i o n s , a t room temperature (15-19°C) o r a t a c o n t r o l l e d 25'C, prepared from analytical-grade r e a g e n t s and deionized water.
Pre-exposure t e s t s were c a r r i e d o u t by immersion of s t r e s s e d specimens i n 3.5% NaCl s o l u t i o n f o r v a r i o u s periods, followed by exposure t o l a b o r a t o r y a i r of v a r i o u s humidities with o r without C02 (removed by NaOH s o l u t i o n s of v a r i o u s s t r e n g t h s ) . The e f f e c t of v a r i a t i o n s i n washing procedure was a l s o examined i n t h e s e t e s t s . Electrochemical Measurements
Potential-time curves were recorded f o r ~o l i s h e d , unstressed specimens of peak-aged a l l o y 8090 (25 x 25m) i n various n a t u r a l l y a e r a t e d s o l u t i o n s . Anodic p o l a r i z a t i o n curves were measured on s i m i l a r specimens i n deaerated s o l u t i o n s , using a p o t e n t i o s t a t and v o l t a g e scan generator.
Shavings Experiments
Alloy shavings were corroded i n minimal volumes of s o l u t i o n a s described e a r l i e r (1). The pH w i t h i n the shavings was recorded continuously f o r up t o 20 days. T e s t s were c a r r i e d out with and without a i r (excluded by p a r a f f i n ) or atmospheric C02 (removed by sodium hydroxide p e l l e t s ) .
Crevice Experiments
The b a r r e l of a pH e l e c t r 
RESULTS AND DISCUSSION
Pre-exposure T e s t s and t h e Role of CO.,
The pre-exposure t e s t s , using 3.5% NaCl s o l u t i o n , reproduced q u a l i t a t i v e l y t h e e a r l i e r d a t a of Holroyd e t a 1 (1). For a pre-exposure period of 6 days a t room temperature (15-lg°C), t h e f a i l u r e time i n l a b o r a t o r y a i r of -50% RH was about 1 day. I f the whole t e s t was c a r r i e d out a t 25*C, then the f a i l u r e time was a few hours ( Table 1) .
Changing the IUi'to 100% had no apparent e f f e c t on the r e s u l t s , but no cracking occurred over s i l i c a gel.
Figure 2 I n i t i a t i o n of c r a c k s from i n t e r g r a n u l a r f i s s u r e s i n l a b o r a t o r y a i r a f t e r 6 days i n 3.5% NaCl s o l u t i o n a t room temperature. Table 1 Times t o f a i l u r e f o r s e l e c t e d pre-exposure t e s t s , a f t e r immersion i n 3.5% NaCl s o l u t i o n .
Six-day pre-exposure t e s t s were c a r r i e d out with various procedures immediately a f t e r removal from t h e NaCl s o l u t i o n : ( a ) no washing ( i . [3] 5 [ 3 I No f a i l u r e s f31
-
The s u r f a c e s of t h e specimens a f t e r pre-exposure were s l i g h t l y g r e e n i s h , covered with a l o o s e hydrous t a r n i s h , and showed numerous i n t e r g r a n u l a r f i s s u r e s ( p i t -l i k e i n cross-section) which were packed with a dark hydrous m a t e r i a l . The c r a c k s i n i t i a t e d from these f i s s u r e s , a s shown i n Figure 2 . Both m e t a l l i c ( a t t a c h e d ) and oxidized (green, unattached) copper p a r t i c l e s were v i s i b l e i n and around t h e f i s s u r e s . None of t h e pre-exposed specimens t e s t e d above NaOH s o l u t i o n (i.e. without C02) showed any evidence of cracking a f t e r periods of up t o 30 days. The pre-exposure treatments included room temperature f o r 6 days, and 25°C f o r 6-20 days ( t h e l a t t e r normally giving a f a i l u r e w i t h i n 2 hours).
The NaOH c o n c e n t r a t i o n s included 0.5M (RH=97%), 2 M (RHn80X) and s a t u r a t e d (very low RH). A l l t h e specimens were b l o t t e d dry a f t e r removal from the NaCl s o l u t i o n , then put i n t o the C02 f r e e environment w i t h i n 30 s ; even a few minutes' exposure t o warm a i r containing C02 was enough t o cause f a i l u r e *en subsequently deprived of C02. Lab. Air
The NaCl s o l u t i o n is too a g r e s s i v e ( d e p a s s i v a t i n g ) towards t h e g r a i n boundaries t o permit SCC i n i t i a t i o n .
* To t h e n e a r e s t 5 hours
On removal from t h e NaCl s o l u t i o n , t h e (now i s o l a t e d ) g r a i n boundary f i s s u r e s
behave l i k e the shavings i n Figure 1 , becoming a l k a l i n e and a c t i v e with a very low c o r r o s i o n p o t e n t i a l .
Absorption of C02 c r e a t e s an a l k a l i n e c h l o r i d e /carbonate s o l u t i o n of g r a d u a l l y decreasing pH, which e v e n t u a l l y allows spontaneous p a s s i v a t i o n (by LiA102) w i t h i n t h e f i s s u r e s .

SCC i n i t i a t e s and propagates i n t h i s i d e a l b o r d e r l i n e a c t i v e / p a s s i v e c o n d i t i o n , a s s i s t e d by hydrogen absorbed along g r a i n boundaries during immersion.
D i r e c t v e r i f i c a t i o n of t h i s model r e q u i r e s l o c a l chemistry measurements, which a r e i n progress. I n d i r e c t evidence can be obtained by simulating the f i s s u r e environment, a s follows .
Immersion T e s t s i n 3.5% NaCl/carbonate/bicarbonate S o l u t i o n s These t e s t s l e d t o rapid SCC f a i l u r e s over a range of pH, which changed with t o t a l carbonate c o n c e n t r a t i o n (Figure 3) . The upper l i m i t of pH f o r SCC was roughly c o r r e l a t e d with a passive-active t r a n s i t i o n , a s shown i n Figure 4 -t e s t s c a r r i e d out a t pH 11.65 and 0.1M Li2C03 but with an imposed p o t e n t i a l of -720mV (SCE), gave extremely r a p i d f a i l u r e s . Figure 5 shows anodic p o l a r i z a t i o n curves which reproduce t h e p a s s i v i t y shown by J i n g Gui and Devine (3).
F i g u r e 3 Times t o f a i l u r e f o r SCC t e s t s i n 3.5% NaCl containing 0.1M o r 0.01M
Figure 4 Potential-time curves f o r t h e a e r a t e d s o l u t i o n s used i n t h e SCC t e s t s of Fig.3, shoving t h a t the upper l i m i t of pH f o r SCC corresponds roughly t o a --
passive-activc t r a n s i t i o n : ( a ) 0.1M (~i 2~0 3
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JOURNAL DE PHYSIQUE
The reduction in the upper limit of pH for SCC with reduced carbonate concentration was at first thought to be a crack chemistry effect ( 2 ) . Now we recognize that this is partly due to the reduced ~i + concentration and consequent reduction in the passivating effect of LiA102 precipitation, so that the passive-active transition pH is reduced. Use of Na2C03 instead of Li2C03 gave even lower passive-active transition pH values.
The appearance of a lower limit of pH for SCC at the lower carbonate level ( Figure  3) tends to argue for an alkaline crack nucleus.
CURRENT DENSITY l r n~j c r n~l 
Dilute S o l u z
A lOppm chloride solution (2.5 x ~o-'M NaC1) gave no SCC failures, but failure occurred within 2 days at 2S°C if 3 x ~o -~M NaHC03 was added (Table 2) . A series of tests carried out at 10f5°C showed a strong requirement for sulphate, but this vanished at 25°C; further investigation of the importance of sulphate in dilute solutions is continuing. Table 2 Times to failure for SCC tests in dilute (10 ppm) chloride solutions containing bicarbonate and/or sulphate ions.
These results show that natural fresh waters can be more aggressive, in terms of simple-immersion SCC, than 3.5% NaCl solution. This probably has some engineering significance. 
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Since the i n i t i a t i o n of SCC seems t o r e q u i r e a s u b t l e i n h i b i t i o n of i n t e r g r a n u l a r corrosion, it is of i n t e r e s t t o explore t h e e f f e c t s of n a t u r a l l y occurring p i t t i n g i n h i b i t o r s such a s sulphate. T e s t s i n c h l o r i d e / s u l p h a t e s o l u t i o n s (Figure 6 ) immediately showed a s t r o n g tendency f o r SCC, and t h e amount of s u l p h a t e required was s u r p r i s i n g l y low -l e s s than 0.012M i n 0.6M NaC1. This r e s u l t suggested t h a t simple-immersion SCC should occur i n a r t i f i c i a l seawater, which proved t o be s o , although t h e f a i l u r e time i n seawater was longer than.would have been a n t i c i p a t e d from i t s s u l p h a t e content. Probably t h i s is due t o some e f f e c t of magnesium o r calcium ions. The e l e v a t i o n i n c o r r o s i o n p o t e n t i a l by s u l p h a t e was l e s s than lOmV, and i t s e f f e c t was apparent i n p o t e n t i o s t a t i c t e s t s a t -720mV (SCE), so t h a t i t s e f f e c t must be a s c r i b e d t o crack chemistry modification r a t h e r than a change i n p o t e n t i a l . Some i n h i b i t i o n of p i t t i n g and i n t e r g r a n u l a r c o r r o s i o n by s u l p h a t e was observed, although not r e a d i l y seen a t the lowest l e v e l s t h a t induced SCC.
Recent t e s t s , not discussed here, have a l s o revealed SCC i n c h l o r i d e i n i t r a t e s o l u t i o n s .
Shaving T e s t s
A s shown i n Figure I , t h e c h a r a c t e r i s t i c behaviour of shavings i n de-aerated NaCl s o l u t i o n i s t o i n c r e a s e the pH t o 11.3. The presence of a i r containing C02 causes a gradual carbonation and f a l l i n pH (1).
A shavings t e s t with a i r c o n t a c t but without W 2 gave even higher pH values, up t o 12.5. The presence of s u l p h a t e a f f e c t e d t h e behaviour of t h e shavings t e s t , but not t o such an e x t e n t a s t o e x p l a i n r e a d i l y t h e onset of SCC. Figure 7 shows these r e s u l t s , which r e q u i r e more i n t e r p r e t a t i o n . A r t i f i c i a l Crevice T e s t s Whenever these t e s t s used a passive a l l o y s u r f a c e coupled t o t h e c r e v i c e , a c i d i f i c a t i o n occurred i n t h e c r e v i c e (Figure 8 ). This was observed even a t 25ppm (6 x 10'~m) Cl' m and i s c o n s i s t e n t both with t h e a c i d i c pH v a l u e s recorded i n deep s t r e s s -c o r r o s i o n c r a c k s , and with t h e a b i l i t y of NaCl s o l u t i o n s t o s u s t a i n t h e growth of long c r a c k s (1).
I f no a l l o y s u r f a c e was coupled t o t h e c r e v i c e , then t h e c r e v i c e became m i l d l y a l k a l i n e . I f Cop was a l s o removed, then a sustained a l k a l i n e pH was observed (not s u r p r i s i n g l y , a s t h i s should be s i m i l a r t o t h e corresponding shavings t e s t s shown i n Figure 1 30 TIME (hr.1 Figure 8 V a r i a t i o n of pH with time f o r a r t i f i c i a l c r e v i c e s : ( a ) with a i r c o n t a c t , coupled t o a 0.72 a n 2 cathode; (b) with a i r c o n t a c t but without an e x t e r n a l cathode; ( c ) with a i r c o n t a c t , without a cathode and with C 0 2 removed by NaOH p e l l e t s .
